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A B S T R A C T
This work describes the design and testing of an ultrasonic reactor suitable for processes which require agitation
within a narrow gap in a tank geometry. A maskless microfabrication process was used to validate the ultrasonic
reactor design. This mask-less electrodeposition method requires the inter-electrode distance between the anode
tool and the cathode substrate to be maintained at 300 μm, and suﬃcient stirring of the electrolyte by ultrasound
agitation. A design was proposed allowing 74mm×105mm size substrates to be mounted into an electrode
holder and loaded into an 18 L ultrasonic reactor. Experiments were carried out to test the uniformity of the mass
transfer within the narrow electrode gap at diﬀerent locations on the substrate, and to validate the feasibility of a
mask-less metal plating technique by depositing features of μm-scale. When increasing ultrasonic powers from
30 to 60W L−1, increasing agitation was observed at the centre of the substrate, but not at its edges. A Sherwood
number correlation showed developing turbulence within the narrow gap, even in the centre of the plate. Micron
scale features were plated onto A7 substrates, but the deposited features were 2.5 times the original width. The
work showed that sonic streaming can produce suﬃcient agitation in long sub millimetre channels which can be
employed to overcome mass transfer limitations.
1. Introduction
Microfabrication is used to construct functional patterns onto sur-
faces as part of the manufacturing process for a variety of devices, in-
cluding micro-ﬂuidics, MEMS, micro-optic and micro-electronic sys-
tems [1,2]. These devices commonly require through-mask metal
deposition [1–4]; the mask typically being fabricated using photo-
lithography [5]. Despite its popularity, photolithography has many
disadvantages: (1) it is a complex multi-step process, (2) the process
uses hazardous chemicals, (3) which produces a large amount of waste,
and (4) requires specialised expensive infrastructure.
A variety of techniques have been proposed to reduce the use of
photolithography [6–11]. This includes a variety of additive electro-
chemical techniques, such as localised electrodeposition [6], electro-
chemical printing [7], Inkjet techniques [8], and direct writing [9,10].
One such technology is Enface [11], in which, instead of applying a
mask to the substrate surface, photolithography is carried out on a tool.
The patterned tool is then placed in close proximity (< 500 μm) to the
substrate. A current is passed between the two electrodes, thereby se-
lectively etching or plating the desired metal pattern onto the un-
masked substrate. Since the tool can be used repeatedly to pattern many
substrates, this technique can signiﬁcantly reduce the use of
photolithography.
Previous experimental attempts of this technique have focused on
transferring metallic patterns on small-scale substrates of 10mm dia-
meter [12–15]. Modelling the process suggested an inter-electrode gap
of 300 μm was required to transfer metallic features between 5 and
100 μm [16]. The results also showed that forced convection within this
narrow inter-electrode gap was necessary to ensure suﬃcient delivery
of fresh solution and removal of by-products. Owing to the importance
of agitation in this process, a parallel plate electrochemical ﬂow cell
was used to provide forced convection in experiments, which was
adapted from an earlier work where electrodes were not in close
proximity [17]. That ﬂow system cannot be deployed for larger elec-
trodes due to high pressure drops in channel ﬂow through a narrow
gap. Further experimental results showed that natural convection
conditions also did not provide suﬃcient agitation within the inter-
electrode gap [14,18]. These natural and forced convection results
proved that in order to use the same technique for patterning larger
substrates, an appropriate agitation method within the electrode gap
was necessary.
Ultrasonic (US) agitation has been shown to improve stirring in
electrochemical systems [19–21] due to cavitation phenomena
[22–24]. Therefore, the authors of this paper carried out experiments to
https://doi.org/10.1016/j.ultsonch.2017.11.038
Received 29 July 2017; Received in revised form 12 November 2017; Accepted 28 November 2017
⁎ Corresponding author.




determine if US agitation could be used to provide stirring for me-
tallisation using Enface technique [15,25–29]. An initial assessment
using an US probe placed within a 500mL ‘beaker-type’ system was
shown to improve mass transfer by ten-fold during copper deposition
within an electrode gap of 1500 μm [25]. This suggested that US agi-
tation could be a suitable agitation technique for the Enface method.
Further copper deposition experiments using 10mm diameter sub-
strates showed that ﬂuid agitation eﬀectively removed bubbles and
etched material from the inter-electrode gap [15,26,27] thereby im-
proving deposit properties [15].
However, it has also been found that employment of an US probe
can cause potential distortions within an electrochemical cell [25,30]
and not useful for scale up purposes. Therefore for larger scale appli-
cations, an US bath may be a more suitable apparatus. Additionally,
more uniform agitation is achieved within the tank of an US bath
compared to employing an US probe [31], which could ensure similar
material transport across a large substrate. However, the intensity of
the US power is generally lower in bath systems than in probe systems
[32]. Currently, only limited information is available for US applica-
tions using a bath [33]. Therefore it is unclear if such an apparatus can
be used for providing agitation within a narrow gap.
This work reports the design and testing procedure using a large-
scale US tank which could provide adequate ﬂuid agitation within a
narrow inter-electrode gap. This design would be suitable for reaction
systems where mass transfer limitations occurred due to the proximity
of reaction surfaces. The design and testing has focused on copper
electrodeposition and micro-fabrication by using 74mm×105mm
substrates. Copper plating is chosen because it is well known that Cu
reduction is characterised by fast kinetics and slow material transport.
This reactor design should also be suitable for reaction systems where
mass transfer limitations occurs in a narrow gap. The main aims of this
work were to: (i) assess mass transfer within a narrow gap between two
substrates of 74mm×105mm, which correspond to an A7 size, placed
in an 18 L tank; (ii) testing the uniformity of the mass transfer at dif-
ferent locations on the substrate and developing a mass transfer cor-
relation; (iii) and perform mask-less metal plating at the μm-scale as a
veriﬁcation of its usefulness applicability of US agitation to.
2. Reactor design
2.1. Electrode holders
At ﬁrst a design was proposed which would allow A7 size substrates
to be mounted into the electrode holder and loaded into the reactor.
The design had to consider that the plates had to be contacted to the
power supply (but sealed against any electrolyte ingress to avoid
shorting), and be dismounted after deposition, washed and extracted
from the holder without touching the deposit or the substrate surface.
Fig. 1 shows the electrode holders used in the deposition experi-
ments. The holders were fabricated from two PVC blocks and were
designed to hold two A7 size electrode plates. The electrodes were
made from high conductivity oxygen-free copper plates (Advent). The
holders were screwed together with plastic bolts so the plates face each
other with an electrode gap between them. The electrical connection
was made from the back of the plate. When the holders were screwed
together, the plate was pressed tightly against a copper block at the
back of the holder. A copper rod was screwed into the top of the block
to which electrical contacts were connected. Electrical insulation cov-
ered the area of the copper rod that was submerged in the electrolyte to
prevent any electrical contact with the electrolyte solution. A Perspex
rod was also screwed into the holder for extra support. These rods were
then screwed into a support block above so the holders could be sus-
pended in the solution, as shown in Fig. 2.
In order to ensure that the inter-electrode gap was accurate, spacers
made from PTFE sheet were placed in the corners and middle of the
plate. For the mass transfer experiments, a gap of 1.5mm was used.
This allowed the authors to compare data obtained for the A7 substrates
with those obtained for smaller ones [25]. An electrode gap of 0.3mm,
or 300 μm, was used for the micro-scale pattern deposition. The accu-
racy and variation in the inter-electrode gap was measured by applying
silicone sealant at various locations on the copper plate. The spacers
were placed into position and the holders were screwed together. The
silicone was then left to dry, after which the holders were unscrewed
and taken apart. An optical microscope was then used to measure the
thickness of the dried silicone sealant at diﬀerent locations on the plate.
These measurements showed that there was a variation of± 40 μm
across the plate. This variation arose due to the natural curvature of the
metal substrate and therefore could not be eliminated.
2.2. Electrodes and tools
Mass transfer experiments were carried out in the US tank by using a
tool such as shown in Fig. 3(a) to measure the limiting current at two
diﬀerent locations. This tool was a 1mm thick Perspex sheet with
10mm×10mm square holes, into which 10mm×10mm polished
copper squares could be slotted. This tool was placed into the electrode
holder with a copper foil placed behind it which allowed for electrical
connection from the back. The slotted copper squares then served as
anodes for experimentation. An A7 copper plate, placed in the opposite
holder, served as the cathode. Either of the squares, A or B, could be
connected up individually to the electrical connection. This made it
possible to measure the limiting current at the corner and near in the
middle of the plate separately. These locations were important, since
one site is more accessible for ionic species; a comparison of mass
transfer conditions would allow one to estimate the diﬀerences in ma-
terial transport at the two positions. In particular, A is located at the
centre, just above the spacer which could impede mass transfer.
Micron scale features were electrodeposited using a specialised
anode (which is referred to as tool) and cathode. Both the anode and
cathode were made from high conductivity oxygen-free copper plates
(Advent), cut into A7 size rectangles. The substrates were washed
thoroughly with diluted Decon 90 solution and polished manually with
#1200, #2400 and #4000 grit SiC paper. They were then rinsed with
deionized water and dried thoroughly using a nitrogen gun. The anode
was then masked by E9230 dry resist with μm-scale linear features
(210 μm width lines of exposed copper surface, with 1040 μm width
lines of resist between each exposed copper line), such as that shown in
Fig. 4(a). Linear features were chosen to evaluate if US agitation: (1)
caused photoresist delamination during electrodeposition, and (2) if
there was signiﬁcant diﬀerences in replication of pattern at diﬀerent
locations of the tool. The protocol for the fabrication of this tool is
described elsewhere [34].
2.3. The tank
US agitation was provided by a Hilsonic US tank with a capacity of
18 L, which is the smallest size used in industrial plating applications.
Since the system was to be used for electrodeposition of copper from an
acid bath containing chloride ions, a hard enamel coating was applied
to the walls to prevent the steel walls coming into electrical contact
with the electrolyte solution. Fig. 2 shows the location of the transdu-
cers on the walls of the tank, with 5 transducers on each side-wall and 4
on the bottom. The transducers operated at a frequency of 30 ± 2 kHz
and three diﬀerent powers, 30, 40 and 60W L−1, were used in the
experiments. Although these powers would normally produce suﬃcient
agitation within the tank, the stirring within a narrow gap is severely
restricted due to the limited penetration of ﬂow of ultrasonic streaming,
which needs investigation. In each experiment, the electrode holder
was immersed into the US tank and placed into the position so that the
locations of the transducers are situated side-on to the electrodes. The
electrodes had to be positioned at distances further than 30mm from
the walls of the tank, in order to obtain an even US agitation. The US
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power was calibrated using a standard power calibration procedure
[35].
3. Electrodeposition experiments
3.1. Mass transfer experiments
Mass transfer within the narrow gap was examined using limiting
current method to determine diﬀusion layer thicknesses. The limiting
Fig. 1. Design of Electrode Holder for A7 size electrode plates.
Fig. 2. Ultrasonic Tank showing position of transducers and placement of Electrode Holder.
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current measurements were carried out galvanostatically using a two
electrode system, although limiting current experiments would nor-
mally require the electrode potentials to be measured. However, it is
well known that potential at large electrodes, such as the ones used in
these experiments, aren’t suitable for measurement of electrode po-
tentials [25]. In addition, using reference electrodes for such mea-
surements in narrow channel can corrupt potential data [25]. In these
experiments, therefore, current densities between 10 and 140mA cm−2
were applied for 30 s to allow the system to stabilise, after which the
cell potential was measured using a multimeter. A Thurlby Thander
power supply was used to apply the current. Experiments were carried
out at either 30, 40 or 60W L−1 under continuous wave conditions. The
electrolyte solution used for the mass transfer experiments was 0.1 M
CuSO4 with 0.1 M H2SO4. Each limiting current measurement was
repeated 3 times to check for reproducibility.
3.2. Validation by electrodeposition μ-scale features
For each pattern deposition experiment, the A7 size copper sub-
strates were washed with diluted Decon 90 solution and polished with
#1200, #2400 and #4000 grit SiC paper before drying thoroughly with
a nitrogen gun. The electrodes were then placed in their holders and
assembled. A multimeter was used to check the electrical connection
from the rod to the plate before positioning the spacers and screwing
the holders together. The Perspex support rods and support bar were
attached and then the holders were submerged into the solution in the
US tank, ensuring that no air was trapped within the electrode gap. An
acid free electrolyte containing 0.1M CuSO4 was used in these ex-
periments. Earlier studies [12,13,16] have shown that pattern
replication is enabled if the conductivity of the solution is low.
In each experiment, a Thurlby Thandar power supply was used to
apply a direct current (DC) and the cell potential was measured with a
multimeter during plating. All three generators were used to agitate the
ﬂuid using US powers of 30, 40 or 60W L−1. A current density of
20mA cm−2 was applied for a plating time of 677 s to obtain a deposit
thickness of 5 μm. The US generators were switched oﬀ after plating
and the electrode holder was removed from the US tank and im-
mediately placed into a deionized water rinse bath. The electrode
holder was then dismantled and the electrodes were removed. The
extracted substrate was then dried thoroughly with a nitrogen gun.
Proﬁlometry of the deposited features was carried out to measure
the feature width and thickness as well as to measure the deposit
roughness (Ra). Proﬁles of each deposit were measured using a Tencor
P-1 Long Scan Proﬁlometer across the middle of the deposit pattern
feature. The thickness of the deposit was taken as the average height of
the proﬁle in the centre of the deposit over a 7mm region. The value of
Ra for each deposit was calculated over a 3000 μm region, and was
measured in 3 locations of each proﬁle; near the left side, near the right
side and in the centre of the proﬁle. Each deposition experiment was
repeated 3 times and the average Ra of these 3 repeats was taken as the
average deposit roughness. Corrective measures to adjust for the in-
trinsic curvature within the plate using a standard technique was taken
and is described elsewhere [36].
Fig. 3. Tool used for limiting current experiments in the US
tank.
Fig. 4. Optical microscope images with magniﬁcation ×5. (a) Dry photoresist pattern on the anode (b) Deposited features via maskless plating at 20mA cm−2 under DC conditions at
40W L−1 US power.
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4. Results and discussion
4.1. Mass transfer experiments
Cell potential vs. cathodic current density for the limiting current
experiments are shown in Figs. 5 and 6. As mentioned, the cell potential
was measured as opposed to the electrode potential, due to the diﬃ-
culty of the inclusion of a reference electrode in this narrow geometry.
The error bars denote the range of current ﬂuctuations observed during
the experiment and is caused due to cavitation [20,37]. The limiting
current, at both locations, is diﬃcult to discern easily due to the slope of
current vs. potential data. In fact, at potentials higher than 0.9 V, the
currents show a shift towards lower potentials (which is clearly visible
in Fig. 6a), this can occur due to deposit roughening when the iLim is
reached or exceeded [38].
The value of limiting current was determined from asymptotes at
low and high cell potentials as shown in Fig. 6c. This approach has been
used by a variety of researchers when a clear limiting current is not
observed [39,40]. The values of iLim at the location A was determined to
be 70, 80 and 90mA cm−2 at US powers of 30, 40 and 60W L−1 is
respectively, illustrating that increased agitation occurs with increasing
power. In contrast, the value of limiting current is calculated to be
∼80mA cm−2 for all three US powers at location B (see Fig. 6). This
suggests that US power within the range investigated here can provide
increasing agitation at the centre, but does not aﬀect the mass transfer
at the edges.
The diﬀusion boundary layer thickness (δ) for the limiting currents






The value of δ was calculated to range between 15 and 19 μm at A
(presented in Table 1), whereas δ was a similar value of 17 μm for all US
powers at B. Similar thicknesses of the mass transfer boundary layer
were also found at smaller electrodes [25] using an US probe with a
power of 48W L−1. Therefore, one can conclude that the agitation
conditions within a narrow gap in an US tank and large electrodes for
powers between 30 and 60W L−1 are similar to those induced by an US
probe operating at powers between 24 and 77W L−1.
In order to predict mass transfer across from location A, where
agitation is likely to be limited, a mass transfer condition is required.
Therefore, a dimensionless analysis was carried out using literature
values of diﬀusion coeﬃcient (D) and kinematic viscosity (ν) of values
of 7.066× 10−6 cm2 s−1 and 1.004×10−2 cm2 s−1, respectively [41].
Fig. 5. Limiting current experiments in ultrasonic tank with 0.1 M CuSO4+0.1M H2SO4
electrolyte, using a tool with slot A copper anode. Inter-electrode gap is 1.5mm and
ultrasound operating at ultrasonic powers of (a) 30W L−1, (b) 40W L−1 and (c)
60W L−1.
Fig. 6. Limiting current experiments in ultrasonic tank with 0.1M CuSO4+0.1M H2SO4
electrolyte, using a tool with slot B copper anode. Inter-electrode gap is 1.5 mm and
ultrasound operating at ultrasonic powers of (a) 30W L−1, (b) 40W L−1 and (c) 60W
L−1.
Table 1
Diﬀusion layer thickness at position A, calculated ﬂuid velocity and dimensionless
numbers at various ultrasound powers in the 18 L ultrasonic tank.





30 19 513 32 839
40 17 587 41 1068
60 15 660 59 1525
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The hydraulic diameter (dH) was 0.2609 cm, calculated using the
method previously described [25] and an electrode gap of 1.5 mm was
used. However, a problem arises in describing velocities within the gap.
To the best of the author’s knowledge there are no studies where the
ﬂuid ﬂow within a narrow gap under US agitation has been modelled.
Although investigations have been carried out to measure pressure
changes [33] and cavitation activity [31,42] at diﬀerent locations,
there was no measurement of ﬂow velocity.
In absence of such data, a velocity description developed by Eklund
[43], for free ﬂow at electrodes with varying distances from a US probe,
that was used by the authors previously [25] was employed here. It is
important to note that the ﬂuid velocities provided by Eklund’s re-
lationship [43] are diﬀerent from the conditions here, mainly because
Eklund’s geometry was for a ‘free electrode’ and this system is in-
vestigating a narrow channel ﬂow. In addition, the current experiments
use three generators rather than a point where a probe is located.
However using an approximate value of velocity allows one to develop
approximate mass transfer correlations which can elucidate the agita-
tion conditions within the narrow gap.
The diﬀerent ﬂuid velocities, using this approach, and the corre-
sponding Sherwood number and Reynolds number for each US power is
shown in Table 1. The Sherwood-Schmidt-Reynolds number correlation
arising from these calculations for the central location at the electrode











The mass transfer correlation shows that developing turbulent
conditions prevail at the central location of the large substrate. Previous
work on a small-scale system showed that fully developed turbulence
occurred within such a narrow gap when a 1 cm diameter electrode was
used [25]. Although, turbulences occur due to the interaction between
the momentum boundary layers at the entrances of the channel, dif-
ferences in ﬂow velocity arise due to length of the channel. This be-
haviour is similar to earlier copper deposition using long electrodes
(75mm) where developing turbulence was observed [44].
4.2. Validation by electrodeposition of μm-scale features
The dry resist tool shown in Fig. 4a was used to test the replication
of linear μm-scale features on the substrate by electrodeposition. Based
on the mask design, the total area exposed to the electrolyte (i.e. area
where electrochemical dissolution took place) was 10.6 cm2. A current
of 211mA was applied for each experiment to achieve 20mA cm−2
based on this anode area. All mask-less deposition experiments were
carried out using an US power of 40W L−1 and a plating time of 677 s,
which would allow a nominal deposit thickness of 5.0 μm if the feature
width were exactly replicated.
A detail from the optical microscope image of the anode features
and cathode deposit is shown in Fig. 4a and b. The width of linear
feature at the anode tool is 210 μm, and each exposed strip is separated
by 1040 μm. The width of the deposit at the cathode, however, was
found to be typically 540 ± 120 μm, which is 2.5 times larger than the
anode feature. This increase in feature size is due to the eﬀect of current
spreading. Earlier studies of mask-less deposition of copper using En-
face technology and the same electrolyte have shown that increase in
feature size can be limited to less than 20% [12,13]. The larger current
spread in the current experiments could be due to the processes ac-
companying cavitation.
A full A7 copper plate with μm-scale features plated at a current
density of 20mA/cm2 is presented in Fig. 7. The ﬁgure shows that
copper features have been plated over the entire substrate. However,
proﬁles of the deposit thickness and roughness at diﬀerent locations
show considerable diﬀerences. The data reveals that features at the
bottom of the plate, i.e. those closest to the US transducers have the
poorest replication. The average roughness, Ra, of the features was
0.11 ± 0.06 across the entire substrate, independent of location. The
average thickness of the μm-scale deposits was found to be close to
1.9 μm, as would be expected from the feature width and a current
eﬃciency close to 100% [45].
In order to probe more deeply why poor replication occurs towards
the bottom of the substrate, the adherence of the photoresist to the
anode tool was also tested in a separate set of experiments. In these
cases, anode tools with resist features of 145 μm, 320 μm and 1000 μm
(i.e. 1 mm) were fabricated and placed in the US tank and subjected to
Fig. 7. A7 size copper cathode substrate after plating in ultrasonic tank using dry resist tool with linear pattern features; plated with DC current density of 20mA cm−2, with all 3
generators using a US power of 40W L−1; Proﬁles taken across two features.
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US agitation at 40W L−1. After approximately 10mins the 145 μm lines
of resist were found to completely de-adhere from the tool. Some da-
mage was also observed for the 320 μm lines. The tool with line widths
of 1000 μm was found to be undamaged; and it was found to remain
intact for over 50mins, which would be the time required to deposit
one substrate. These experiments showed that poor replication was due
to the damage to the anode tool. Since many micro-fabricated parts
require the transfer of features of 100 μm, it is important that US power
should be optimised such that photolithographed tools remain un-
aﬀected. Possibly, lower US power, where resist delamination does not
occur, could be an alternative. This has been examined in a separate
study by our group, Serra et al., [29]. Interestingly, the work by the
authors in the present paper (Coleman and Roy) has shown that it is
possible to use ultrasonic agitation within the narrow gap between two
plates using an ultrasonic tank reactor, even when the plates are size
A7. This therefore suggests that an ultrasonic tank can be used in ap-
plications that require ﬂuid agitation within restricted geometries with
a channel length of 10 cm in magnitude.
5. Conclusion
This paper reports on the design and veriﬁcation of an US tank
which is capable of providing agitation of A7 scale substrates for use in
micron scale pattern transfer using a mask-less electrochemical method.
The design for electrode holders which allow the anode and cathode to
be placed a close proximity, i.e. within 500 μm is discussed. The ability
to agitate the ﬂuid using US agitation within the narrow gap between
the two electrodes was tested using the limiting current technique, at
two diﬀerent locations of the cathode. When increasing US powers from
30 to 60W L−1 increasing agitation was observed at the centre of the
substrate, but did not aﬀect the mass transfer at its edges. A predictive
Sherwood number correlation was developed for the agitation within
the narrow gap. Mass transfer conditions within a narrow gap in an US
tank and large electrodes were found to be similar to those induced by
an US probe operating at similar US powers. Micron scale features were
plated using this apparatus on A7 substrates. It was found that de-
posited features were almost 2.5 times the original width; and some of
this was due to the damage to the resist due to ultrasound. Our ﬁndings
show that sonic streaming can produce suﬃcient agitation in long sub
millimetre channels which can be employed to overcome mass transfer
limitations.
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